INTRODUCTION {#SEC1}
============

Hfq is a pleiotropic post-transcriptional regulator found in approximately 50% of all sequenced bacteria ([@B1]). Hfq acts as an RNA chaperone and regulates gene expression by binding U-tracts and A-rich regions of small noncoding RNAs (sRNAs) and target mRNAs, respectively, to effect their annealing ([@B4]). The resulting sRNA--mRNA complex typically inhibits translation of the target mRNA and ultimately leads to its degradation as well as that of the sRNA, although some mRNAs, including *rpoS*, which encodes the stress response sigma factor σ^S^, require Hfq for efficient translation ([@B5],[@B10]). Studies on Δ*hfq* mutant strains reveal Hfq has a dramatic effect on the virulence and robustness/fitness of bacterial pathogens: Δ*hfq* mutants in certain Gram-negative pathogens such as *Vibrio cholerae* and *Pseudomonas aeruginosa* are highly attenuated in mouse model infections ([@B12],[@B13]). Additionally, Hfq is a virulence factor in a number of pathogens including uropathogenic *Escherichia coli (Ec)*, *Neisseria meningitidis* and *Salmonella typhimurium* ([@B14]). Ec Hfq has also been implicated in antibiotic resistance via its post-transcriptional regulation of the multidrug efflux transporter AcrB ([@B17]).

Hfq is a member of the Sm/LSm superfamily of RNA-binding proteins ([@B6],[@B8],[@B18]). These proteins have a common structural core comprised of an N-terminal α-helix followed by a twisted five-stranded β sheet ([@B20]) ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The core contains two Sm motifs, Sm1, encompassing the first three β strands and Sm2, which encompasses the last two strands ([@B21]). The Sm1 motif is highly conserved among all family members, whilst the sequence of Sm2 motifs differs between bacterial, archaeal and eukaryotic proteins ([@B20],[@B24]). The Sm proteins assemble into a variety of quaternary structures ranging from pentamers to octamers, although those of eubacteria are only hexamers ([@B19],[@B24]).

The first structures of an Hfq protein, those of the ligand-free *Staphylococcus aureus* (Sa) Hfq and Sa Hfq in complex with AU~5~G RNA, revealed a toroidal hexameric protein with RNA bound in a circular fashion encircling the pore of the 'proximal' face of the protein ([@B28]) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). By contrast, a structure of Ec Hfq bound to an A-rich (A~15~) RNA sequence revealed this oligoribonucleotide bound in a circular conformation on the opposite face, the so-named 'distal' face of the hexamer ([@B29]). These structures confirmed the presence of two non-overlapping RNA binding sites on the Hfq protein and revealed the roles of key residues in single-stranded RNA recognition. Indeed, a subsequent Ec Hfq structure showed A~7~ and AU~6~A bound simultaneously on the distal and proximal faces, respectively ([@B30]). Additional studies have identified a third lateral surface binding site, located on the rim of the proximal face and consisting of three highly conserved arginine residues ([@B31],[@B32]). Individual studies on both Ec Hfq and the Gram-positive *Listeria monocytogenes* (Lm) Hfq demonstrated that the affinity of U~16~ RNA for Hfq is greater than that of U~6~ RNA, as the longer RNA is able to simultaneously bind in the proximal pore and to the lateral rim of Hfq ([@B33],[@B34]). Mutation of these arginine residues to alanine weakens but does not abolish binding to sRNA. However, these mutants do not exhibit the chaperone activity of wild-type Hfq, suggesting they are critical for sRNA-mRNA annealing ([@B32]).

In addition to its ability to bind RNA, Hfq is also known to interact with DNA ([@B35]), with the lateral rim-binding site and the apparently unstructured C-terminal region (CTR) of Ec Hfq (residues 64--102) implicated in this interaction ([@B38]). Although most Hfq is found either in the cytoplasm and associated with ribosomes, up to 20% of Hfq is contained within the bacterial nucleoid and is the third most prevalent protein in nucleoid fractions of exponentially growing cells ([@B36],[@B41]). This observation led to the discovery that Hfq can bind with physiologically relevant affinity to double-stranded (ds) DNA ([@B35],[@B38]). Additional studies revealed that Hfq has a slight preference for DNA containing 6 base pair (bp) A-tract repeats, which are found at regular intervals throughout the bacterial genome ([@B36],[@B38]). These regions have been hypothesized to be important to DNA packaging in the nucleoid ([@B44]). The available data indicate that this DNA binding activity is likely affecting either transcriptional or translational control over target genes, but may also involve RNA interactions ([@B45]).

Multiple questions remain concerning the nature of Hfq--nucleic acid interactions. For example, our understanding of how Hfq interacts with structured nucleic acids, in particular the hairpin regions of RNA that are widespread in both sRNA and mRNA, is limited. There are no crystal structures of an Hfq--mRNA complex, and the first crystal structure of Hfq bound to an sRNA (RydC from *Salmonella sp.)* was only recently determined ([@B46]). RydC, an sRNA responsible for the regulation of a cyclopropane fatty acid synthase, has a characteristic pseudo-knot structure and is observed to bind simultaneously in the proximal-face pore and to residues R16 and R17 of the lateral rim. The uridine-tract binding observed in the pore is consistent with that seen in the Sa Hfq--AU~5~G ([@B28]), *Salmonella typhimurium* (St) Hfq--U~6~ ([@B47]), Ec Hfq--U~6~ ([@B48]) and Lm Hfq--U~6~ ([@B34]) complexes. The RNA also makes crystal contacts with other Hfq hexamers, which the authors suggest represent the full range of interactions the RNA is capable of making with a single hexamer. Given the variance in structures of RNA and the possibility of their structural rearrangement upon binding to Hfq, additional studies with other RNA would help strengthen the current proposed model of the sRNA--mRNA--Hfq ternary complex. Whilst significant attention has been given to Hfq--RNA interactions, much less is known about the ability of Hfq to interact with dsDNA. An early study using analytical ultracentrifugation (AUC), electrophoretic mobility shifts, and site-directed mutagenesis studies indicated that dsDNA was interacting only with the distal side of the Hfq hexamer ([@B38]). A more recent series of investigation utilizing nanofluidics, atomic force microscopy (AFM), electrophoretic mobility shift assays, and isothermal titration calorimetry has revealed that the Hfq--CTR not only interacts with duplex DNA, but can self-assemble into amyloid-like structures leading to compaction and condensation of the DNA ([@B37],[@B39]).

In order to elucidate more fully the mechanism of dsDNA binding by Hfq, we carried out the structure determination of the Ec Hfq Core (residues 2--69) bound to a dsDNA ligand containing three 6-bp A-tracts separated by CGGC tracts, which had been demonstrated previously to bind this riboregulator with high affinity ([@B36]). The structure reveals an unanticipated binding mode and surface whereby the dsDNA lays laterally across the proximal face of the protein including one duplex that occludes the RNA-binding proximal pore. Interactions between the protein and DNA are made entirely with the phosphate backbone, via hydrogen bonds and electrostatic interactions. Thus, Hfq appears to bind dsDNA in a sequence-independent manner much like some other nucleoid-associated proteins (NAP) including the ubiquitous NAPs HU and H-NS ([@B36],[@B49]). Additionally, we show that Sa Hfq, which contains neither the DNA-binding residues nor the elongated CTR as found in Ec Hfq, binds dsDNA 1000-fold less tightly. We also tested the ability of this A-tract dsDNA to interact with Hfq that has a polyA RNA pre-bound to its distal face and discovered the affinity of this interaction is unaltered by the presence of this RNA, supporting the validity of the observed dsDNA, proximal-face binding mode. Structure-guided fluorescence polarization and tryptophan fluorescence quenching studies examined the ability of structured RNAs, such as the stems of hairpin RNAs, to interact with the Ec Hfq Core at this newly observed dsDNA-binding site. In sum, our structural and biochemical studies reveal not only the dsDNA binding mode of the Ec Hfq Core but also provide a plausible binding mechanism of the ds stems of the rho-dependent terminators found in at the 3′-UTR of most sRNAs. Our results also support a role for Hfq in nucleoid DNA compaction or packaging.

MATERIALS AND METHODS {#SEC2}
=====================

Protein expression, purification and site-directed mutagenesis {#SEC2-1}
--------------------------------------------------------------

*Escherichia coli*Hfq was purified using the IMPACT-CN system as described previously ([@B8]). Briefly, *E. coli* Hfq (residues 2--69) was overexpressed in *E. coli* strain ER2566 Δ*hfq* using the pTYB11 vector. The cells were grown in Luria Broth (LB) containing 50 μg/ml ampicillin at 37°C to an OD~600~ between 0.4 and 0.6. Expression was induced with 0.5 mM IPTG for 20 h at 15°C. Cells were harvested at 4°C and stored at −80°C or lysed immediately using a microfluidizer. To remove contaminating RNA and DNA, 10 μg/ml DNAse and 10 μg/ml RNAse were added to crude lysate and stirred at 4°C for 2 h before clarification by centrifugation at 17 500 rpm for 30 min at 4°C. Mutations in the WT Hfq 2--69 plasmid were generated using standard protocols. WT Hfq and mutants were buffer exchanged into 20 mM HEPES pH 8.0, 150 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA) and concentrated to ∼230 μM hexamer.

Crystallization, data collection, structure determination and refinement {#SEC2-2}
------------------------------------------------------------------------

Nucleic acids were purchased from Oligos etc., Inc. and Integrated DNA Technologies. Crystals of Hfq Core (residues 2--69)-DNA crystals were grown by the hanging drop vapor diffusion method from equal volumes of 230 μM Hfq and 280 μM DNA (sequence; d(CGGCA~6~)~3~:d(T~6~GCCG)~3~) in 10 mM sodium cacodylate pH 6.5 (0.5 μl each) and an equal volume (1 μl) of crystallization buffer (28--38% MPD and 0.1 M Tris pH 7.5--7.9). Data were collected at 100K at the Advanced Photon Source (Argonne National Laboratory) using the SER-CAT beamline (22-ID). The complex crystallized in the P1 space group with cell constants of *a* = 65.75 Å, *b* = 65.80 Å, *c* = 82.00 Å, *α* = 105.9°, *β* = 92.4°, *γ* = 119.9° and diffracted nominally to 2.5 Å resolution. The structure was determined to 3.0 Å resolution by molecular replacement with Phaser using *E. coli* Hfq from the Hfq--A~15~ RNA complex (PDB ID: 3GIB) as a search model ([@B51]). The Hfq--DNA complex was built iteratively in Coot and refined with Phenix and CNS, to *R*~work~ and *R*~free~ values of 21.0 and 26.0%, respectively ([@B52]). Selected data collection and refinement statistics are listed in Table [1](#tbl1){ref-type="table"}.

###### 

Selected crystallographic data and refinement statistics

  ------------------------------------------------ -------------------------------------
  Unit Cell \[abc, Å; αβγ, °\]                     *a* = 65.7, *b* = 65.8, *c* = 82.0
                                                   *α* = 105.9, *β*= 92.3, *γ* = 119.9
  Space Group                                      P1
  Wavelength \[Å\]                                 1.000
  X-ray Source                                     APS SER-CAT 22-BM
  Resolution \[Å\] (Highest shell)                 50.0--3.00 (3.05--3.00)
  No. of Reflections \[unique\]                    18 997
  Completeness \[%\]                               83.8 (53.1)
  R~sym~[a](#T1TFN1){ref-type="table-fn"} \[%\]    10.6 (35.0)
  I/(σI)                                           10.3 (2.4)
  Redundancy                                       1.8 (1.5)
  **Refinement Summary**                           
  Resolution \[Å\] (Highest shell)                 25.69--3.00 (3.05--3.00)
  Hfq protomers/DNA base pairs/Unit Cell           12/40
  No. of non-solvent atoms/Unit Cell               8055
  No. of waters/Unit Cell                          59
  R~work~[b](#T1TFN2){ref-type="table-fn"} \[%\]   21.1 (23.4)
  R~free~[c](#T1TFN3){ref-type="table-fn"} \[%\]   26.0 (27.9)
  Average B factor \[Å^2^\]                        
   Protein                                         48.6
   DNA                                             81.6
  RMS deviations                                   
   Bonds \[Å\]                                     0.006
   Angles \[^o^\]                                  1.13
  **Ramachandran analysis \[%\]**                  
   Favored, allowed, disallowed                    94.9, 5.1, 0.0
  PDB ID: code                                     5UK7
  ------------------------------------------------ -------------------------------------

^a^ *R* ~sym~ = Σ\|I- 〈I〉\|/ Σ\|I\|, where I is the observed intensity and is the average intensity of several symmetry-related observations.

^b^ *R* ~work~ = Σ\|\|F~o~\|-\|F~c~\|\|/ Σ\|F~o~, where F~o~ and F~c~ are the observed and calculated structure factors, respectively.

^c^ *R* ~free~ = Σ\|\|F~o~\|-\|F~c~\|\|/ Σ\|F~o~ for 5% of the data not used at any stage of the structural refinement.

Fluorescence polarization {#SEC2-3}
-------------------------

Fluorescence polarization-based Hfq--nucleic acid binding measurements were performed with a PanVera Beacon 2000 instrument (Invitrogen, Madison, WI, USA) at 295 K. Hfq was serially diluted into 100 μl of binding buffer containing 20 mM HEPES pH 8.0, 0.5 mM EDTA, 75 mM NaCl and 1 nM 5′-fluorescein-labeled RNA or DNA (IDT DNA) or 20 mM HEPES pH 8.0, 0.5 mM EDTA, 150 mM NaCl and 1 nM 5′-fluorescein-labeled RNA or DNA (IDT DNA). Samples were excited at 490 nm and emission was detected at 530 nm. Data were analyzed assuming a 1:1 binding stoichiometry between one Hfq hexamer and one molecule of RNA or DNA. The data were plotted using KaleidaGraph (Synergy Software) and the generated curves were fit using non-linear least squared analysis, assuming a bimolecular model such that the *K*~d~ values represent the protein concentration at half maximal nucleic acid binding. The binding isotherms were fit to the equation, *P = {(P*~bound~ -- *P*~free~)\[protein\]/(*K*~d~ +\[protein\])}~,~ with *P*~bound~ being the maximum polarization at saturation, *P* is the polarization at a given protein concentration, *P*~free~ is the polarization of free fluorescein-labeled nucleic acid and *K*~d~ is the equilibrium dissociation constant ([@B28],[@B29]). All values were independently determined in triplicate.

Tryptophan fluorescence quenching (TFQ) {#SEC2-4}
---------------------------------------

Tryptophan fluorescence quenching (TFQ) measurements were performed using an RF-5301PC spectrofluorophotometer (Shimadzu, Nakagyo-ku, Kyoto, Japan) at 298 K as described previously ([@B33]). Briefly, quenching was accomplished by exciting the single Hfq Trp residue at 298 nm and scanning the emission fluorescence from 320 -- 400 nm. A 1 ml sample containing 1 μM of each Hfq protein in binding buffer (20 mM HEPES pH 8.0, 200 mM NaCl, 0.5 mM EDTA) was scanned and followed by a titration with 1 or 4 μM RNA. Each titration was done at least three times. Data were analyzed using Microsoft Excel. Quenching was determined using the experimentally observed fluorescence maximal height for each Trp mutant. Quenching percentage was calculated using the following equation: (1 -- ((F~R~-F~B~) ÷ (F~0~-F~B~))) x 100, where F~R~ is the fluorescence value after addition of RNA to the Hfq solution, F~0~ is the initial fluorescence value of the Hfq solution without RNA and F~B~ is the fluorescence of buffer without RNA or Hfq ([@B33]).

Atomic force microscopy (AFM) {#SEC2-5}
-----------------------------

Hfq was added to a 500 bp DNA solution of the *hipBA* operon resulting in two final concentrations of 158 and 19.8 μM, respectively. For sample deposition, specially modified mica surfaces (APS mica) were used. The APS mica was obtained by incubation of freshly cleaved mica in 167 nM 1-(3-aminopropyl)silatrane as previously described ([@B55]). Data collection was carried out using a sample (5--10 μl), which was deposited on the APS mica immediately after dilution 30 times with 1 × binding buffer (100 mM NaCl, 20 mM Tris pH 7.5). After a 2-min incubation on the surface, excess sample was washed off with deionized water and the resultant sample dried with argon gas. AFM images in air were acquired using a MultiMode AFM NanoScope IV system operating in tapping mode. Regular tapping mode silicon probes with a spring constant of ∼42 N/m and a resonant frequency between 300 and 320 kHz were used.

RESULTS AND DISCUSSION {#SEC3}
======================

Ec Hfq Core--DNA complex structure reveals a novel nucleic acid binding mode {#SEC3-1}
----------------------------------------------------------------------------

The Ec Hfq Core (residues 2--69) was crystallized in the presence of the 30-bp DNA, d(CGGCA~6~)~3~/d(T~6~GCCG)~3~. Although it has been reported that this truncated Hfq, which is missing residues 70--102, disrupts *rpoS* binding ([@B56]), this form of the protein is still capable of binding DNA with high affinity (Table [2](#tbl2){ref-type="table"}). The DNA sequence used for crystallization was chosen on the basis of previous work that suggested Ec Hfq preferentially bound DNA with interspersed 6-bp A-tracts ([@B36]). The Hfq Core--dsDNA complex crystallized in the space group P1 and diffracted anisotropically to 2.5 Å resolution with data scaled and refined to 3.0 Å resolution. The structure was determined by molecular replacement using Hfq from the Ec Hfq--A~15~ RNA complex (PDB ID: 3GIB) as a search model, and refined to *R*~work~ and *R*~free~ values of 21.1 and 26.0%, respectively (Table [1](#tbl1){ref-type="table"}). The asymmetric unit contains two hexamers and two statistically disordered dsDNA segments of 20 bp each ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Additional molecules in the unit cell generate the 30-bp DNA deoxyoligonucleotide that was used in crystallization, as the DNA forms a pseudo-continuous double helix throughout the crystal lattice ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The protein is similar to previously determined Hfq structures whereby each subunit contains an N-terminal α-helix and a twisted 5-stranded β-sheet and together form a toroidal hexamer. The protein superimposes well on the Ec Hfq apo structure (PDB ID: 3QHS) with a root mean square deviation (RMSD) of 1.1 Å over all atoms.

###### 

Ec Hfq binding to select DNA sequences

  Hfq                                                          K~d~ (nM)
  ------------------------------------------------------------ --------------
  **150 mM NaCl binding buffer**                               
  Full length, WT Hfq-xtal[\*](#T2TFN1){ref-type="table-fn"}   175.0 ± 4.5
  Full length, dA~16~                                          \>3000
  Hfq(2-69)-xtal                                               94.0 ± 8.0
  Hfq(2-69)-dA~16~                                             \>3000
  **75 mM NaCl binding buffer**                                
  Hfq(2-69)-xtal                                               4.9 ± 2.4
  Hfq(2-69)-3base A-tract DNA                                  19.4 ± 6.0
  Hfq(2-69)-RacA DNA                                           16.2 ± 3.7
  Hfq(2-69:N13A)-xtal                                          6.0 ± 2.3
  Hfq(2-69:R16A)-xtal                                          34.1 ± 7.0
  Hfq(2-69:R16A/R17A)-xtal                                     66.8 ± 10.6
  Hfq(2-69:Q41E)-xtal                                          47.1 ± 4.7
  Hfq(2-69:Q41A)-xtal                                          299.6 ± 33.6

\*xtal indicates the DNA sequence used for crystallization.

Hfq Core--dsDNA binding is sequence independent {#SEC3-2}
-----------------------------------------------

The structure reveals three dsDNA fragments bound to the *proximal side or face* of the Hfq hexameric ring, in sharp contrast to the previous hypothesis that suggested DNA binding takes place only on the distal face of the protein (Figure [1A](#F1){ref-type="fig"} and C; [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Interestingly, the distal face of one Hfq hexamer stacks on top of the distal face of a vertically adjacent Hfq hexamer, precluding the possibility of that face binding DNA (Figure [1C](#F1){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Within the unit cell ∼20 bp span the width of the hexamer across the central pore whilst the other two dsDNA fragments bind to the proximal-face edges of two adjacent hexamers (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Interactions between the protein and the DNA are sequence-independent and occur only with the phosphate backbone of the DNA. Previous cloning and sequencing of 41 DNA sequences that co-purified with Hfq identified 24 different core sequences, reinforcing the sequence-independent nature of the interaction ([@B38]). Residues from multiple protomers are observed to make contacts with this DNA with residues R16 and R17 from 2-fold related subunits forming an electrostatic clamp at their respective lateral surfaces (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Interactions are also made with residues N13 and Q41, which form hydrogen bonds with the phosphate backbone (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). These four residues are the only protein--DNA contacts in the unit cell, including those, which interact with the parallel-running DNA fragments that are offset from the centrally located DNA. These offset strands run along the interface between adjacent hexamers, making contact with residues N13, R16 and R17, stabilizing the lateral spread of Hfq hexamers (Figure [1C](#F1){ref-type="fig"} and D; [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Intriguingly, each of these residues are also observed to be important for sRNA binding to Hfq in the structure of the St Hfq--RydC complex (Figure [2D](#F2){ref-type="fig"}) ([@B46]). Further, previous mutation of R16 was shown via gel shift to disrupt full length Hfq binding to DNA ([@B38]).

![The structure of Hfq bound to double stranded DNA. (**A**) The DNA that lies laterally occluding the proximal pore, shown from the 'edge' view of the hexamer. Hfq subunits contact the DNA exclusively through the phosphate backbone. Residues R16 and R17 make electrostatic interactions whilst Q41 and N13 form hydrogen bonds. The lone alpha helices of each subunits are shown as cylinders and colored cyan and the beta strands of all subunits are shown as arrows and colored magenta. Three alpha helices from the B, E and F subunits are labeled with residues from B and E contributing the electrostatic clamp. (**B**) Close up of one Hfq protomer interacting with DNA stretched across the pore. The DNA is shown within the 2F~O~-F~C~ electron density map (1.0 σ). Interacting protein residues are labeled with distances measured between the nitrogen atom of each side chain and the most proximal oxygen atom of the DNA phosphate backbone. The lone alpha helices of each subunits are shown as ribbons and colored cyan and the beta strands of all subunits are shown as arrows and colored magenta. (**C**) Crystal packing reveals additional DNA strands bridge adjacent Hfq hexamers. (**D**) Hfq contacts the bridging DNA molecules utilizing the same residues that interact with the DNA that is bound across the pore. Again, the Hfq subunits contact the DNA exclusively through the phosphate backbone. Residues R16 and R17 make electrostatic interactions whilst N13 and Q41 form hydrogen bonds.](gkaa149fig1){#F1}

![Hfq has three distinct nucleic acid binding sites. (**A**) Side view of the Hfq--DNA complex. Ninety-degree rotation shows view looking into the proximal face. (**B**) Side view of AU~5~G RNA (orange) shown bound in the proximal pore of *Staphylococcus aureus* Hfq. Ninety-degree rotation shows view into the proximal face. (**C**) Side view of A~15~ RNA (blue) shown bound to the distal face of *Escherichia coli* Hfq. Ninety-degree rotation shows view into the distal face. (**D**) Side view of RydC RNA (green) bound to the proximal face of *E. coli* Hfq. Ninety-degree rotation shows view into the proximal face.](gkaa149fig2){#F2}

The Hfq--DNA interaction observed in this crystal structure visualizes a novel double stranded nucleic acid binding site on Hfq (Figure [2A](#F2){ref-type="fig"}). Other structures of Hfq bound to RNA reveal two distinctly different binding surfaces: U-rich RNAs bind circularly in the pore of the proximal side of the hexamer (Figure [2B](#F2){ref-type="fig"}), whereas A-rich sequences bind circularly on the distal side but do not interact with the distal pore (Figure [2C](#F2){ref-type="fig"}) ([@B28],[@B29]). Solution studies also indicate the importance of a lateral surface binding site for ds regions of sRNA on the proximal side of the protein ([@B31]). sRNA RybB binding to St Hfq is disrupted using lateral surface point mutants on the proximal side of the protein; two of these mutants are R16S and R17A, residues which are homologous to the *E. coli* R16 and R17 residues. Moreover, the recent RydC-Hfq structure, confirmed the lateral rim binding site interacts with sRNA ([@B46]) (Figure [2D](#F2){ref-type="fig"}) and its importance in nucleic acid binding is further underscored by this Hfq--DNA structure, in which many of the same residues that interact with RydC constitute the DNA binding site of the Hfq--DNA complex.

Compared to other NAP--DNA complexes, the Hfq--DNA interaction is unique. For example, integration host factor (IHF) interacts with DNA predominantly through the phosphate backbone; however binding to the DNA is sequence-specific, with recognition occurring indirectly through a narrow minor groove that is characteristic of A-tract DNA ([@B57]). IHF also plays an architectural role by introducing a sharp bend of greater than 160° in its nucleic acid sites, enabling higher order protein complexes to assemble on the DNA. This type of recognition mechanism is similar to the recently described DNA binding protein, BldC, a monomeric member of the MerR superfamily from the Gram-positive bacteria *Streptomyces* that binds hundreds of promoter regions ([@B58]). Specifically, BldC recognizes and coats a number of pseudo-degenerate sequences of key promoters in a head-to-tail manner to regulate global gene expression through DNA conformational distortion, thereby controlling the entry of *Streptomyces* into development. By contrast, the histone-like protein HU, which is 40% identical to IHF, shows very little sequence specificity but has a strong preference for certain DNA structures, such as supercoiled DNA, and nicks and junctions found in recombination intermediates ([@B59]). Contacts between HU and DNA consist mainly of charged interactions between basic residues and the phosphate backbone of the substrate. HU also induces a sharp bend in the DNA substrate (105°--140°). IHF, BldC and HU play key roles in either replication initiation or transcriptional regulation. We observe by sharp contrast, that Hfq binds a moderately compacted B-form DNA, with an average helical twist of 37.0° and average helical rise of 3.25 Å, resulting in 9.73 bp per turn and displaying essentially no helical curvature. When the curvature of the aforementioned 24 core sequences that co-purified with Hfq was assessed by two separate models, five sequences scored below the cutoff for curved DNA in both models whilst an additional seven scored below the cutoff in one or the other of the test models ([@B38]). This suggest that whilst there appears to be a small preference for Hfq binding to intrinsically curved DNA, the protein is certainly capable of binding straight DNA sequences *in vivo* as well as *in vitro*.

Hfq binds the ds DNA used in our crystallization studies tightly (Table [2](#tbl2){ref-type="table"}). Indeed, fluorescence polarization-based binding experiments revealed full length Ec Hfq (residues 2--102) and the Ec Hfq Core construct (residues 2--69) used in crystallization bind in buffer containing 150 mM NaCl with a *K*~d~ of 175.0 ± 4.5 and 94.0 ± 8.0 nM, respectively ([Supplementary Figure S4AB](#sup1){ref-type="supplementary-material"}). When the experimental NaCl concentration was reduced to 75 mM, Hfq ([@B2]) bound the same DNA with a *K*~d~ of 4.9 ± 2.4 nM supporting the idea that ionic interactions are important, but certainly not solely responsible, for Hfq Core-DNA binding (Table [2](#tbl2){ref-type="table"} and [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). A previous study had suggested that DNA binding by the Hfq--CTR binding is also dominated by electrostatic interactions again pointing toward a sequence-independent binding mechanism by Hfq ([@B39]).

In order to assess the contributions of each DNA-binding residue to the affinity of this complex, a series of site-directed mutants were tested using a fluorescence polarization-based DNA binding assay. The lower salt concentration was used in these binding experiments to allow for better comparison of the contribution of binding by individual protein residues. Interestingly, the Hfq mutant N13A has little effect on affinity, maintaining near wild type affinity (Table [2](#tbl2){ref-type="table"}). The single R16A mutant and a double arginine mutant, R16A/R17A, however, lead to 7- and 13-fold decreases in affinity, respectively. Loss of the phosphate--backbone interaction provided by residue Q41 has the greatest single impact on binding affinity whereby a Q41E mutation reduces affinity nearly 10-fold. Surprisingly, the Q41A mutant bound DNA with a *K*~d~ of 299.6 nM, a \>60-fold decrease in affinity (Table [2](#tbl2){ref-type="table"}). Although this later result is somewhat surprising, perhaps the loss of the long side chain of glutamine might result in a local conformational change in the loop on which residue 41 resides, accounting for the larger loss of affinity. Strikingly, neither the DNA sequence nor the structure of the DNA appears to have a large effect on wild-type Hfq Core binding. The crystallization DNA contains 30 bp, with three 6-bp A-tracts spaced throughout the double helix. The junctions between A-tract DNA and other sequences can induce curvature to the helical axis; this bend has been estimated to be 10°--30° for 6 bp A-tracts ([@B60]). Previous studies suggest Hfq exhibits a very modest preference for A-tract-induced curved DNA, consistent with other nucleoid-associated proteins ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}) ([@B36]). However, modification of the 6 bp A-tracts to 3 bp A-tracts in the context of a 30 bp oligodeoxynucleotide has only a small, four-fold effect on DNA binding affinity (Table [2](#tbl2){ref-type="table"} and [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). Additionally, Hfq Core seems to exhibit little preference for particular dsDNA sequences or length. A GC-rich, 14 bp DNA site (RacA) with no A-tracts bound to Hfq with a *K*~d~ of 16.2 nM (Table [2](#tbl2){ref-type="table"} and [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}).

Interestingly, A-tracts of at least 4 bp are more prevalent in the *E. coli* genome than random probability would dictate. Further, they are clustered with the curvature of the A-tract DNA reducing the energetic cost of DNA looping ([@B44]). We posit that even a slight preference for these sequences should increase the local concentration of Hfq in these locations emphasizing a potential role in DNA compaction and nucleoid architecture. On the other hand, the single-stranded deoxyA-tract, (dA~16~), which would be predicted to bind to the distal face of Hfq, shows weak binding (*K*~d~ \> 3 μM) under our assay conditions to both the full-length Hfq and the Hfq Core (Table [2](#tbl2){ref-type="table"}). Hence, we did not test binding of dA~16~ to the Q41 mutant. Although our mutational analyses and binding data support proximal-face dsDNA binding, we cannot rule out alternative binding modes for A-tract containing sequences under different environmental conditions, including binding to the distal face, as has been proposed recently by Geiguenaud *et al.* ([@B39],[@B40]).

We also employed fluorescence polarization to show that dsDNA can bind Hfq after pre-binding a polyA RNA to the protein. The structure of A~15~ RNA in complex with *E. coli* Hfq shows the polyA ligand bound in a circular conformation on the distal face of the hexamer ([@B29]). We hypothesized that this binding should have little effect on protein interaction with the 30-mer dsDNA, which is bound on the opposite face of the protein. After saturating the distal binding site of Hfq with a fluoresceinated A~27~ RNA, addition of dsDNA produced another distinct binding isotherm that fit with a similar *K*~d~ to that of dsDNA and Hfq Core in the absence of A~27~ (Figure [3A](#F3){ref-type="fig"}). These solution studies are completely consistent with the binding modes observed in the individual crystal structures.

![Hfq uses the same interface to bind dsDNA and dsRNA but a different interface to bind distal-face binding polyA. (**A**) Fluorescence polarization demonstrates that A~27~ RNA and dsDNA can simultaneously bind to Hfq on distal and proximal faces, respectively. Hfq was first titrated into fluorescent A~27~ RNA until saturation was reached. DNA was then titrated into the same mixture and a second binding event was observed. (**B**) Tryptophan Fluorescence quenching reveals that hairpin RNAs (Left) site A, sequence AUUUUUUCGAAUCGAAAGGUUCA, (Right) Hairpin 2, sequence (CAUGAUUCUUAUACGUACGACGGAAGAUGAGAAUUAUGGU) preferentially bind to and quench the proximal face (F42W) over the distal face (Y25W). The solid portion of each column is quenching by the addition of 1 μM protein and the hatched portion of each column is quenching by the addition of 4 μM protein. (**C**) Tryptophan fluorescence quenching reveals that the dsDNA oligodeoxynucleotide, which was used in crystallization, preferentially binds to and quenches proximal face residue F42W and not distal face residue Y25W.](gkaa149fig3){#F3}

Hfq also binds dsRNA in a sequence-independent manner {#SEC3-3}
-----------------------------------------------------

The non-specific nature of the Hfq Core-DNA interaction led us to postulate that the DNA interaction surface should also act as the site for dsRNA binding. Previous studies have shown that Hfq can interact with a piece of hairpin RNA (site A) located in the 5′ UTR of *hfq* mRNA ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}) ([@B63]). We also observe tight binding of Hfq to other RNA hairpins (Table [3](#tbl3){ref-type="table"} and [Supplementary Figure S5E-F](#sup1){ref-type="supplementary-material"}). To assess contributions of DNA-binding residues to hairpin RNA binding, we used the Q41E mutant; we observe that whilst binding affinity to A~15~ RNA (distal side) is unaffected, binding to the *Hfq* mRNA hairpin displays reduced affinity and is non-saturable. At last, tryptophan fluorescence quenching ([@B33]) reveals that multiple hairpin RNA substrates (site A and Hairpin 2, [Supplementary Figure S5D-F](#sup1){ref-type="supplementary-material"}) bind to the proximal face of the Hfq hexamer. The processed data for Site A were reported previously, in part, in Robinson *et al.* ([@B33]), but are included here to demonstrate the same proximal-face quenching phenomenon of yet a second, novel dsRNA hairpair (Hairpin 2). In both cases we observe a significant increase in fluorescence quenching of a tryptophan mutation on the proximal side of the protein (F42W) upon titration with our dsRNA hairpins (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6A-B](#sup1){ref-type="supplementary-material"}). This contrasts sharply with the tryptophan quenching results, i.e. little to no quenching, that are seen when identical titrations are carried out using the distal face-located Hfq--mutant Y25W (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6C-D](#sup1){ref-type="supplementary-material"}). Using this approach, we also observed robust tryptophan quenching of the F42W Hfq mutant upon titration with the dsDNA, which was used in our crystallization experiments, but no significant quenching of the Y25W Hfq mutant (Figure [3C](#F3){ref-type="fig"} and [Supplementary Figure S6E-F](#sup1){ref-type="supplementary-material"}). These results provide strong evidence of hairpin RNA binding and the binding of our dsDNA on the proximal face of Ec Hfq Core.

###### 

Ec Hfq binding to select RNA

  Hfq                       *K* ~d~ (nM)
  ------------------------- ----------------------
  WT+ site A                22.7 ± 1.5
  WT+ Hairpin 1             4.2 ± 1.7
  WT+ Hairpin 2             61.5 ± 18.3
  WT+ A~15~                 3.4 ± 1.1
  Hfq(2-69:Q41E) + A~15~    1.3 ± 1.1
  Hfq(2-69:Q41E) + site A   Non-specific binding

A model for Hfq--sRNA--mRNA interaction {#SEC3-4}
---------------------------------------

Our studies indicate the DNA-binding surface that we observe in our crystal structure is a ds nucleic acid binding site, which includes dsRNA regions such as those found in myriad sRNAs ([@B64]). Indeed, an A-form RNA hairpin can be readily docked on this surface of Hfq such that most of the residues that contact B-form DNA in our crystal structure can make similar interactions with the A-form hairpin phosphate backbone (Figure [4A](#F4){ref-type="fig"}). We performed this dsRNA modeling using an RNA hairpin derived from the pre-mRNA of the glutamate receptor GluR-2 ([@B65]). Its structure was determined as part of a complex with the adenosine deaminase ADAR2 (PDB ID: 2L2K) via NMR. This ds nucleic acid binding site hypothesis is corroborated by studies that reveal residue R16 contributes to the binding of both dsDNA ([@B38]) as well as the 38 nt domain II of the sRNA DsrA, which contains a 12 nt single stranded region followed by a stem loop ([@B38],[@B66]).

![Hfq is uses the same residues to bind either dsDNA or dsRNA. (**A**) Residues that bind to a B-form like DNA can be rotated to interact with the dsRNA stem of an RNA hairpin. (**B**) A model of Hfq--sRNA--mRNA binding and annealing. The U-rich 3′ end of the sRNA wraps around the inside of the proximal pore whilst the dsRNA stem of the hairpin lies across the proximal face of the protein interacting with residues revealed by the Hfq--dsDNA structure. Single stranded regions of the RNA containing a U-U dinucleotide sequence may also bind to the lateral rim, whilst the remainder of the sRNA is free to anneal to mRNA bound on the distal face (colored red), forming an mRNA--sRNA duplex.](gkaa149fig4){#F4}

Additional studies have shown that the conserved arginines. R16 and R17, are integral to nucleic acid binding. Mutation of four St Hfq residues, including two that correspond to R16 and R17 of *E. coli* Hfq, abrogate RybB sRNA binding ([@B31]). This study further demonstrated that altering the structure of the hairpin that resides adjacent to the 3′ poly-U tail of RybB can negatively impact the binding of this sRNA to Hfq, suggesting the importance of this double stranded region in binding. In addition, an R16A mutation in *E. coli* Hfq was shown to eliminate rapid binding and release of short RNAs from the hexamer, and this residue was shown to contribute to binding of native sRNAs ([@B32]). In that study, the authors suggest that R16 is specifically interacting with the ds region of sRNAs, and that the conserved arginines may be playing a role in mRNA-sRNA annealing and hence translational regulation.

Notably, recent studies on Sa Hfq suggest that sRNA-mRNA interactions in this organism do not require Hfq as a chaperone; additional studies suggest that this Hfq does not bind to sRNA at all ([@B67],[@B68]). These results are particularly interesting in light of our observation that Sa Hfq binds dsDNA extremely poorly ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). Sa Hfq lacks three of the four conserved DNA binding residues observed in our crystal structure as well as an extended CTR, and binds the 30-bp DNA ligand with ∼1000-fold lower affinity than *E. coli* Hfq (*K*~d~ = 6.4 μM) ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). It is tempting to speculate that the lack of conserved DNA binding residues is also responsible for deficiency or absence of binding to sRNA ligands.

The importance of these lateral rim residues in binding sRNA was confirmed by the crystal structure of Ec Hfq and RydC sRNA in which two separate U-U di-nucleotide stretches were observed to bind to Hfq lateral-rim residues N13, R16, R17 and F39. These U-U stretches, however, reside in single stranded regions of the RydC pseuodknot, rather than a double stranded portion ([@B46]). Given the variable structures of sRNA and the wide variety of RNA that require Hfq as a chaperone, it is likely that both double stranded and single stranded segments of a given sRNA can bind simultaneously to different lateral binding sites within a single hexamer. Indeed, studies of the sRNA SgrS led Ishikawa *et al.* to propose that the 'functional Hfq binding module of bacterial sRNAs consists of either a double or single hairpin preceded by a U-rich sequence and followed by a 3′-poly(U) tail' ([@B64]).

Taken together with recent solution studies, our structural characterization of the duplex nucleic acid binding site enables us to construct a model for Hfq--sRNA interaction, similar to the one proposed by Sauer *et al.* ([@B31]) and Dimastrogiovanni *et al.* ([@B46]) (Figure [4B](#F4){ref-type="fig"}). Our results confirm the presence of three independent nucleic acid binding sites, which are all likely to involve interaction with different regions of sRNA and mRNA substrates. In our model, U-rich sequences at the 3′ untranslated region of sRNA bind in the proximal pore, as observed in the Sa Hfq AU~5~G and St Hfq--U~6~ structures, whereas a hairpin region in the sRNA interacts with the conserved DNA-binding residues and lays flat against the proximal surface of the hexamer. This arrangement stabilizes the sRNA and places no conformational restriction on bases upstream of the hairpin, enabling single stranded U-U sequences to position the seed region proximal to the rim, thereby facilitating interaction with distal-face bound cognate mRNA substrates. Further, the model is structurally consistent with all known Hfq functions in translational regulation and mRNA degradation.

Potential DNA wrapping highlights role for Hfq in DNA compaction {#SEC3-5}
----------------------------------------------------------------

AFM has been used to identify DNA wrapping around proteins ([@B69]). In addition to the proximal-face DNA binding observed in our crystal structure, AFM shows that longer pieces of DNA may possibly wrap around Hfq and interact simultaneously with multiple binding sites beyond the proximal face. We observe, when combined in an 8:1 ratio (Hfq:DNA) with 500 bp DNA fragments containing the *E. coli hipBA* promoter, up to four Hfq hexamers bound per DNA strand (Figure [5A](#F5){ref-type="fig"}), further indicating the sequence-nonspecific nature of the Hfq--DNA interaction. Using Gwyddion ([@B73]) and ImageJ ([@B74]) we measured the DNA length when 0, 1, 2 or 3 Hfq molecules are bound and observed shortening of the DNA as the number of Hfq hexamers increased (Figure [5B](#F5){ref-type="fig"}). This is consistent with our Hfq--dsDNA crystal structure complex whereby the average number of base pairs per turn is 9.7. Recently, a separate study using nanofluidics and AFM also observed compaction of DNA with increasing concentrations of full-length Ec Hfq ([@B37]). Additionally, SANS experiments suggest Hfq-mediated bridging of two DNA molecules via the Hfq--CTR ([@B37]). The same group later observed, again using nanofluidics, that increasing concentrations of Hfq (residues 1--72) resulted in shortening of the DNA, consistent with our AFM data, but could not induce condensation. However, they found that the Hfq--CTR alone (residues 64--102), whilst displaying lower binding affinity for DNA than Hfq-Core, could shorten the DNA ultimately resulting in an abrupt condensation of the DNA ([@B39]). This condensation was later attributed to the ability of Hfq to self-assemble on DNA, generating amyloid-like fibers consisting of the Hfq--CTR and DNA ([@B40]). These studies, along with our results, strongly suggest the DNA--Hfq interaction plays a role in genomic architecture and potentially in transcriptional regulation. However, our crystal structure and subsequent biochemical and biophysical studies suggest that the proximal face, not the distal face, is the initial high-affinity DNA binding site. Indeed, recent ChIP-seq data from the Dove laboratory have shown that *Pseudomonas aeruginosa* Hfq associated with 656 different regions of the chromosome suggesting a nascent mRNA--Hfq--DNA complex plays a role in transcription with the proximal face of Hfq binding DNA whilst the distal face binds the elongating mRNA ([@B75]). Intriguingly, to the best of our knowledge, it would appear that the archael Sm proteins are unlikely to bind dsDNA using the mechanism described herein, as these proteins appear to lack some key residues, e.g. the RRER motif, that are found in the Hfq proteins of most Gram-negative bacteria. Regardless, we expect the discovery of this novel binding site and binding mode taken in conjunction with the evidence of DNA condensation will allow the identification of additional conserved residues involved in anchoring of both sRNA and DNA, as well as enable further biological studies on the potential role of Hfq in DNA compaction, nucleoid architecture and transcription regulation.

![The binding of multiple Hfq(2-69) hexamers compacts dsDNA. (**A**) A representative AFM topograph demonstrating a 500 bp DNA (the *Escherichia coli hipBA* promoter region) bound by one or more Hfq hexamers (bright spots). (**B**) Representative scatter plot of DNA measurements made in the presence and absence of Hfq from a series of AFM topographs. Each point is the average of three measurements of the length of DNA molecules where the number of Hfq hexamers bound was obvious, i.e. Hfq was not bound at the ends or multiple hexamers were clustered together preventing delineation of the number bound to the DNA.](gkaa149fig5){#F5}

DATA AVAILABILITY {#SEC4}
=================

The coordinates and structure factors for the Ec Hfq--dsDNA complex structure have been deposited in the RSBC Protein Data Bank with accession code 5UK7 are already available to the public. Plasmids and strains used in this work are available from the corresponding author.

Supplementary Material
======================

###### 

Click here for additional data file.
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